Various studies have shown that honey may contain pyrrolizidine alkaloids (PAs) and thus can pose a potential health risk for consumers. It seems that the level of contamination depends on the geographical and botanical origin of the honey. The geographically central location of Switzerland within Europe accounts for various different climate zones, and therefore can serve as a model to study PA contamination in honeys.
Introduction
Pyrrolizidine alkaloids (PAs) are toxic compounds that are produced by plants as a defence mechanism against herbivores. More than 350 naturally occurring PAs have been described in plants so far (European Food Safety Authority, 2007) . Approximately half of these compounds are toxic to animals and humans, causing liver and lung damage.
Acute food poisoning has been caused by grains of PA containing plants contaminating flour used to produce bread, or by using herbal medicine, while chronic exposure to low levels of PAs in food can produce liver cirrhosis, pulmonary hypertension and probably also cancer, as shown in animal models (Edgar et al., 2011) (Culvenor et al., 1981; Beales et al., 2004; Betteridge et al., 2005; Kempf et al., 2011) , and up to 3900 µg/kg in monofloral honey of Senecio jacobaea (Deinzer et al., 1977; Crews et al., 1997) . Kempf et al. (2011) even found up to 13,019 µg/kg PAs in honey derived from hives which were placed intentionally in the vicinity of a patch of Senecio jacobaea; that value refers to retronecine equivalents. Assuming that senecionine and similar alkaloids were the main alkaloids in that honey (roughly twice the molecular mass of retronecine), the actual PA concentration was > 26,000 µg/kg. However, polyfloral honeys and honeys of floral sources other than Echium and Senecio may also contain PAs at concentrations that are critical for food safety, as shown in studies with large sample numbers of raw honeys or commercially available honeys from supermarkets (Kempf et al., 2008 (Kempf et al., , 2011 Dübecke et al., 2011) . Spread and growth rate of various plant species is affected by climatic conditions. Hence, contamination of honeys with PAs varies depending on their geographical origin. Further studies are required to correlate the occurrence of PAs with geographical and botanical origin (EFSA, 2011).
As a consequence of the geographically central location within
Europe and the climatic influence of the Alps, Switzerland has a very species-rich flora, reflecting the different floras of the adjacent countries.
It has both central and southern European types of climate zones, as
Sample preparation for LC-MS/MS analysis
Honey samples were prepared as described by Dübecke et al., 2011. Heliotrine was used as an internal standard. Briefly, honey was dissolved in 0.05 M sulphuric acid, filtered (2 µm mesh) and subjected to solid-phase extraction (SPE). The eluted sample was dried, reconstituted in deionised water and filtered using a 0.45 µm syringe filter.
Quantification of PAs with LC-MS/MS
The PA concentration was determined by target analysis using an HPLC-MS/MS-system, allowing the detection of 18 different PAs and PA-N-oxides that have been found mainly in the genera Echium, Eupatorium and Senecio. The total PA concentration of a honey was calculated as the sum of the 18 different PAs. LC-MS/MS analysis was performed as described by Dübecke et al., 2011, using an HTC PAL autosampler of CTC Analytics AG, a Shimadzu LC-system with a Thermo Hypersil Gold C18 column (50 x 2.1 mm, 1.9 µm particle size) and an Applied Biosystems API 4000 QTRAP triple quadrupole mass spectrometer.
External calibrations were used for quantification. Concentrations were corrected against the recovery of the internal standard. The limit of quantitation (LOQ) was 1 µg/kg for echimidine and senkirkine, 2 µg/kg for heliotrine and 3 µg/kg for monocrotaline, lycopsamine, retrorsine, senecionine and seneciphylline. As only a limited number of reference standards were available, a number of other PAs and PA-N-oxides commonly found in Echium (echimidine-N-oxide, acetyl-echimidine (-Noxide), echiumine (-N-oxide), acetyl-echiumine-N-oxide, echiuplatine (-N -oxide) and echivulgarine (-N-oxide)) and Eupatorium species (lycopsamine-N-oxide and isomers) were indirectly quantified by using the calibration of echimidine and lycopsamine, respectively, and assuming the same LOQs (Dübecke et al., 2011) .
Pollen analysis
Qualitative pollen analysis was performed according to DIN 10760: 2002-05 . For the quantification of pollen grains in honeys, a tablet of Lycopodium spores was added to the honey prior to the isolation of the pollen sediment as previously described for quantification of pollen in royal jelly (Piana et al., 2006) . In general, a minimum of 500 Lycopodium spores, and the corresponding pollen grains, were counted.
In honeys with a very high number of Myosotis pollen grains, a minimum of 250 Lycopodium spores and 1000 Myosotis pollen grains were counted. The absolute number of pollen grains in 1 g of honey was calculated using the following formula: pollen grains in 1 g honey = (pollen grains counted x Lycopodium total) / (Lycopodium counted x weight of honey).
Analysis of the botanical origin of the honeys
The determination of the botanical origin of the honeys was based on sensorial analysis (Gonnet and Vache, 1985) , as well as chemical characteristics. Glucose and fructose levels as well as the electrical Pyrrolizidine alkaloids in honey Kast, Dübecke, Kilchenmann, Bieri, Böhlen, Zoller, Beckh, conductivity were determined by Mid-Infrared Spectroscopy (Ruoff et al., 2006 ) using a Bruker Tensor 27 instrument. Our main criteria to distinguish honeydew from floral honeys or mixtures of blossom/honeydew honeys was the electrical conductivity that was required to be higher than 0.8 mS/cm for honeydew honeys (Persano Oddo and Piro, 2004 
Results

PA analysis of honeys
We based our study on a model with five floristic different geographical regions and collected honeys accordingly (Fig. 1) . 54% of the honeys contained PAs, while the PA concentrations were below the LOQs in 46% of the honeys. The mean (arithmetic average) PA concentration of the positive samples was 6.7 µg/kg and the mean concentration of PAs in all honeys was 3.6 µg/kg (Table 1) . 55 µg/kg was the highest PA concentration, measured in a honey from the region southern flank of the Alps. All the other positive honeys contained PAs at concentrations below 18 µg/kg.
PAs and botanical origin
PA contamination of honey may be restricted to some types of honeys 
PA and geographical origin
We were interested whether the occurrence of PAs in honeys varies according to the climatic regions of Switzerland. PAs were detected in the following proportions of the samples: 9% for the Jura Mountains, 35% for the Swiss plateau, 75% for the northern flank of the Alps, 92% for the Central Alps and 71% for the southern flank of the Alps (Table 3. (Table 3. ).
PA and pollen analysis
In addition to the chemical PA assays, we analysed all positive honeys containing PAs at concentrations 3 µg/kg or higher by qualitative and quantitative pollen analysis as described above ( contain PAs related to echimidine and lycopsamine (data not shown).
However, further analytical tools have to be developed in order to be able to identify and quantify these PAs, thus allowing an estimation of the risk of these PAs for the contamination of alpine honeys.
Discussion
About half of the honeys tested in this study contained PAs, all but one at relative low concentrations. Therefore, the average PA concentrations in Swiss honey are also low, and they are comparable Recently, the GC-MS and LC-MS methods were compared in a study on various sets of honeys (Kempf et al., 2011) . Qualitative and quantitative results of the two analytical methods correlated well for Echium honeys and honeys originating from Eupatorium spp. For honeys originating from Senecio spp. both analytical methods agreed on qualitative results, such as "PA negative" or "PA positive", however the total amount of PAs was much higher with the GC-MS method than with the LC-MS method. This is probably due to incomplete coverage of the spectrum of PAs from Senecio spp. by the LC-MS method (Kempf et al., 2011) .
The most frequent PAs in honeys of our study originated from Echium spp.; according to Kempf et al. (2011) (Hartmann and Witte, 1995; Röder, 1995; Edgar et al., 2002) .
Pollen of these plants have been identified by pollen analysis of raw honeys imported to Germany (Kempf et al., 2011) as well as in honeys of our study (data not shown). Myosotis pollen (Maurizio, 1940 ) is frequently found in high numbers in alpine mountain flower honeys, the major type of honey collected in the alpine regions of Switzerland, while Symphytum and Cynoglossum pollen were only found occasionally in Swiss honeys. Therefore, the development of analytical methods allowing the elucidation of the structures and quantification of different PAs in Myosotis spp., especially Myosotis alpestris, may detect further PAs relevant for alpine mountain honeys.
